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Abstract - This paper reports a photoconductive 
frequency resolved spectroscopy study of the excess 
carrier lifetime distributions in device grade silicon 
subjected to hydrogen implantation to achieve proximity 
gettering of heavy metal impurities. Carrier lifetime 
distributions have been obtained for various processing 
conditions and over a wide range of measurement 
temperatures. The lifetime distributions are initially 
complex and found to be dominated by trapping effects. 
Samples that have been implanted and subsequently 
annealed show a simpler lifetime distribution with a 
single carrier recombination time of 5 pS from which 
we conclude that significant gettering has been achieved. 
I. INTRODUCTION 
The presence of metal contaminants in processed 
silicon wafers has a detrimental affect upon device 
yields [ 11. For example, transition metals adversely 
affect device characteristics such as junction leakage 
through the presence of generation-recombination 
centres and gate oxide breakdown field strength due 
to impurity decorated defects at the Si/SiO, interface. 
For these reasons gettering treatments are the noim in 
VLSI processing where conventional gettering 
techniques include precipitation at the back surface of 
the wafer, creation of an oxygen denuded zone or the 
use of epitaxial substrates [2]. Unfortunately the 
impurities Fe and Cu are fast diffusing species and as 
the dimensions of silicon devices shrink it becomes 
necessary to improve the effectiveness of the 
gettering process whilst using a lower thermal budget 
and yet achieving tighter control of these heavy metal 
contaminants, to concentrations of order 10" 
[3]. A promising technique is proximity gettering 
where the gettering sites are in close proximity 10 the 
active volume from which the impurities must be 
removed. The availability of high energy implanters, 
during the late 1980s, stimulated interest in the 
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formation of buried damage layers at a depth of 1 pm 
to 5 pm beneath the surface, formed by MeV C', O+, 
F' or Si" ion implantation [1,4,5]. Point defects or 
defect clusters within the buried layer served to getter 
both metal impurities and other lattice defects. 
Gettering was inferred from lifetime, DLTS and 
device measurements. However disadvantages of 
using these heavy atomic species (>12 amu) include 
the need for a dedicated high energy (MeV) implanter 
and detrimental affects, for example, anomalous C 
donor activity and second phase precipitation [41. 
In contrast the low mass gaseous elements H 
and He have lower stopping powers, hence a greater 
range for a given ion energy, and tend to agglomerate 
initially to form gas bubbles [6]. Experiment shows 
that during subsequent heat treatment outgassing can 
occur leaving physical voids in the silicon matrix 
with internal surfaces which are chemically reactive 
and, thus, can act as sites for metal gettering. 
Gettering has been confirmed by RBS, TEM [6] and 
device measurements [7] in wafers intentionally 
contaminated with Cu or Pt, Au or Cu and Ni. 
In this paper we report the use of H+ 
implantation and thermal processing to achieve 
gettering in bulk silicon wafers. The gettering 
process is inferred from changes in the lifetime (Q 
distribution of excess carriers using photoconductive 
frequency resolved spectroscopy (PCFRS) [8,91. 
Values of 2, have been determined directly using two 
terminal resistor structures and from the intensity and 
temperature dependences it has been possible to draw 
conclusions regarding the carrier recombination 
mechanisms as well as inferring suitable sample 
processing conditions. 
11. EXPERIMENTAL DETAILS 
The experiments were performed on bulk 
silicon, annealed bulk Si. H+ implanted bulk Si and 
€3' implanted and annealed silicon. The starting 
silicon substrate used for all samples was p-type 
(100) doped with boron, 17-23 SL cm. H+ ions were 
ia 
implanted at 200 keV at room temperature over the 
dose range 1 x 10l4 to 1 x 10l6 H+ cm-'. Samples 
were annealed in a furnace with a nitrogen 
atmosphere, in the temperature range 7O0-100O0C, for 
thirty minutes. Ohmic contacts were fomed on the 
samples by evaporation of Al, followed by sintering 
on a hot plate for fifteen minutes at 250°C. 
res o 1 ve d 
spectroscopy (PCFRS) measurements were the main 
experiments performed. The PCFRS technique has 
been previously described [8]. In it simplest form, 
the optical excitation of ;I sample is modulated with 
a small amplitude sinusoid and the sample response 
to this modulation is measured either in phase or in 
quadrature to the phase of the excitation modulation, 
Photoconductive f re q u e 11 cy 
3e-06 
r! e 
$ 2e-06 
z 
v, w 
U 
B 
2 le-06 
U- 
0 a 
Oe+OO, 
? 
P 
v, 
U 
U 
0 a 
4e-05 
3371 
0 3291 
4 2961 
A 3201 3e-05 
v 2711 
2e-05 
B 
icr 
FREQUENCY -HZ 
using lock-in detection. Logarithmically sweeping 
the modulation frequency then generates a lifetime 
distributions directly. The excitation module consists 
of an LED connected in series with a load resistor to 
monitor the LED current. The light from the LED is 
modulated sinusoidally. the modulation level finally 
being kept at 25% of the DC level of excitation. For 
the experiments described here ai infra-red (940 nm) 
LED was used to excite the sample which was placed 
in a variable temperature liquid nitrogen cryostat. 
The sample was mounted 011 a holder in thermal 
contact with a calibrated Rh-Fe resistance 
thermometer, which was coupled to a multimeter in 
order to measure its resistance. The sample 
temperature was held steady to 20.2 K. 
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Figure 1. PCFRS spectra measured at different temperatures for (a) and (b) bulk Si, (c )  annealed bulk Si at 700°C. and (d) annealed 
bulk Si at 1000°C. The dotted lines are the theoretical fits according to Lourenco et a1 [9]. 
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111. RESULTS AND DISCUSSION 
Figures l(a), (b), (c) and (d) show typical 
PCFRS spectra from. unimplanted bulk silicon 
samples prior to annealing ((a) and (b)) and after 
annealing at 700°C (c) and 1000°C (d), where the 
measurement temperatures were within the range 
114 K to 328 K. For these particular samples the 
width of the PCFRS peak shows a stroiig temperature 
dependence with broadening and a shift of the peak 
frequency of the spectra as the measurement 
temperature is reduced. This behaviour is 
characteristic of lifetime distributions dominated by 
multiple trapping [9]. Indeed, when the time that the 
carriers are held in the traps (7,) is longer than both 
the recombination lifetime (7,) and the time the 
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carriers are free before being trapped (7,) the 
photoconductivity decay is trap dominated. When a 
sample contains a small trap concentration then 
will be shorter than T, which ensures that only a 
minor fraction of the electrons are trapped so that 
retrapping is unlikely. However, the time the electron 
spends in the trap is long enough to impede the 
decay. This situation is referred to as a single 
trapping process [lo]. For a high trapping density 2, 
is shorter than zR and the electrons are then likely to 
be trapped several times before they recombine. This 
case is referred to as the multiple trapping process 
[lo]. Preliminary analyses of the spectra shown in 
Figure 1 suggests that there are at least two distinct 
deep levels present in the bandgap. The origin of 
those levels is currently under study. 
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Figure 2 .  PCFRS spectra from silicon samples implanted with 1 x 10l6 H+ cm9 at an energy of 200 krV 
(a) as-implanted, (b) implanted/anneal at 700°C. and (c) implanted/aimeal at 1000°C. The dotted lines 
are the theoretical fits according to Lourenco et a1 191. 
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Figure 2 shows PCFRS spectra from silicon 
samples implanted with 1 x 1OI6 H+ cm-* before and 
after annealing. While the as-implanted (Figure 2(a)) 
and the implanted 1000°C sample (Figure 2(c)) show 
a similar behaviour, with a lifetime distribution being 
dominated by multiple trapping, the sample implanted 
and annealed at 700°C (Figure 2(b)) shows a 
temperature invariant PCFRS signal (peak) centred on 
a frequency of about 4 x 104 Hz. Indeed, the lifetime 
distribution obtained after implanting and annealing 
at 7OOOC is dominated by a single process, where the 
trap concentration is low. In this case the carrier 
recombination lifetime can be calculated being, 
T~ = (27c0J1, were of is the high frequency peak, 
which is approximately constant. A value of 
2, = 5 pS has been determined for this sample. 
Comparison of the PCFRS results obtained from 
all the samples suggests that H+ implantation 
followed by a low temperature anneal reduces the 
number of defects present in the bulk Si. However, 
a more extensive analysis is needed before further 
conclusions. In particular, it is very important to take 
into account the non-uniformity of the starting wafer. 
This can easily be accessed by measuring several 
samples prepared under identical conditions. A 
quantitative analysis of the data presented here, to 
obtain activation energies, is currently in progress. 
IV. CONCLUSIONS 
We have shown that photoconductive frequency 
resolved spectroscopy is a valuable technique for 
revealing the underlying complexity of the excess 
carrier lifetime distributions found even in 
commercial device grade silicon substrates. This 
technique allows us to follow in detail the evolution 
of the lifetime distribution with processing, in this 
case the use of H+ ion implantation and subsequent 
thermal annealing to provide proximity gettering of 
heavy metal impurities. Temperature dependent 
PCFRS measurements reveal that the excess carrier 
distribution in the starting material is strongly 
thermally activated showing the presence of extensive 
carrier trapping on defect sites in the starting 
material. In silicon material that has undergone H+ 
implantation and annealing at 700°C the carrier 
lifetime distribution is seen to be much simpler and 
indeed can be fitted, at room temperature, with a 
single Lorentzian corresponding to single carrier 
recombination process, rather than a trapping process, 
which is characterised by an excess carrier lifetime of 
5 pS. Higher temperature 1000°C anneals are found 
to introduce additional trapping centres. 
From these results we conclude that the presence 
of lattice defects due to the H+ ion implantation and 
annealing has achieved significant gettering of the 
electrically active impurities in the starting material. 
M.H.F. Oveiwijk, J .  Politick, R.C.M. de Kruif and P.C. 
Zalni, Nucl. I n s t .  Meths. Phys. Res. B, vo1.96, 1995, 
T.E. Seidl, Muterials Issires iii Silicon Integrated Circuit 
Processing, Eds. M. Wittner et al, CMRS, Pittsburg, 1986, 
The Nutionul Techtlology Roudntup for Semiconductors, 
Semiconductor Industry Association (SIA), 1994. 
R. Kogler, J .  von Borany, D. Panknin, W. Skompa and D. 
Baither, Nucl. Inst. Meths. Pliys. Res. B. vo1.96, 1995, 
H. Wang, N.W. Cheung, P.K. Chu, J. Liu and J.W. Mayer, 
Appl. Phys. Lett., vo1.52, no.12, 1988, p.1023. 
J .  Wong-Leung, E. Nygrwi and J.S. Williams, Appl. Phys. 
Lett., vo1.67, no.3, 1995, p.416-418. 
V. Raineri, P.G. Fallica. G. Percolla, A. Battaglia, M. 
Barbagallo and S.U. Canipisano.J. Appl. Phys., vo1.78,no.6, 
K.P. Honiewood, P.G. Wade and D.J. Dunstan, J .  Phys. E, 
vol.21, 1988, p.84. 
M A .  Lourenco, K.P. Honiewood and R.D. McLeUan, J .  
Appl. Phys., vo1.73. 1993, p.2958. 
J.S. Blakemore. Setiiicoiiductor Statistics, Dover 
Publications, New York, 1987. 
p.257-260. 
p.3. 
p.814-818. 
1995, p.3727-3735. 
671 
